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Edited by Lukas HuberAbstract The transforming growth factor beta (TGFb) and
Wnt signaling pathways play central roles regulating embryo-
genesis and maintaining adult tissue homeostasis. TGFb medi-
ates its cellular eﬀects through types I and II cell surface
receptors coupled to the nucleocytoplasmic Smad proteins.
Wnt signals via binding to a cell surface receptor, Frizzled, which
in turn activates intracellular Dishevelled, ultimately leading to
stabilization and nuclear translocation of b-catenin. Previous
studies have demonstrated several points of cross-talk between
the TGFb and Wnt signaling pathways. In yeast two-hybrid
and GST-pull down assays, Dishevelled-1 and Smad 3 have been
shown to physically interact through the C-terminal one-half of
Dishevelled-1 and the MH2 domain of Smad 3. The current
study demonstrates that co-treatment of murine embryonic max-
illary mesenchyme (MEMM) cells with Wnt-3a and TGFb leads
to enhanced reporter activity from TOPﬂash, a Wnt-responsive
reporter plasmid. Transcriptional cooperation between TGFb
and Wnt did not require the presence of a Smad binding element,
nor did it occur when a TGFb-responsive reporter plasmid
(p3TP-lux) was transfected. Overexpression of Smad 3 further
enhanced the cooperation between Wnt and TGFb while overex-
pression of dominant-negative Smads 2 and 3 inhibited this ef-
fect. Co-stimulation with TGFb led to greater nuclear
translocation of b-catenin, providing explanation for the eﬀect
of TGFb on Wnt-3a reporter activity. Wnt-3a exerted antiprolif-
erative activity in MEMM cells, similar to that exerted by
TGFb. In addition, Wnt-3a and TGFb in combination led to syn-
ergistic decreases in MEMM cell proliferation. These data dem-
onstrate a functional interaction between the TGFb and Wnt
signaling pathways and suggest that Wnt activation of the
canonical pathway is an important mediator of MEMM cell
growth.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Embryonic development is under the inﬂuence of several
major signaling pathways, including those initiated by mem-
bers of the TGFb and Wnt families of secreted growth and dif-
ferentiation factors. The TGFb superfamily is composed of
three subfamilies: TGFbs, activins/inhibins, and bone morpho-
genetic proteins (BMPs) (for a recent review, see [1]). TGFb s
elicit a plethora of biological responses ranging from morpho-
genesis during early embryonic development, to cellular prolif-
eration, diﬀerentiation, apoptosis, and stimulation of
extracellular matrix synthesis [2–6]. TGFb eﬀects these pro-
cesses by altering patterns of gene expression.
The TGFb signaling cascade is initiated by binding of TGFb
to a type II receptor-serine/threonine kinase (TbRII) that hete-
rodimerizes with a type I receptor (TbRI, also a serine/threo-
nine kinase), resulting in transphosphorylation of TbRI by
TbRII [7]. Activated (phosphorylated) TbRI in turn phosphor-
ylates the Smad proteins, transducers of the TGFb signaling
cascade [8]. The Smads are categorized into three distinct
groups based on function and sequence homology. R-Smads,
substrates for TbRIs, are further divided into those regulated
by TGFb/activin (Smads 2 and 3) and those regulated by
BMPs (Smads 1, 5, and 8). Smad 4, a ‘‘common’’ Smad uti-
lized by multiple TGFb superfamily members, heterodimerizes
with phosphorylated R-Smads resulting in a complex that is
imported into the nucleus [9]. Inhibitory Smads (Smads 6
and 7), attenuate sustained TGFb signaling by blocking recep-
tor-activation of R-Smads [10,11]. Once in the nucleus, the co-
Smad/R-Smad complex binds to speciﬁc sequences within the
promoters of TGFb-responsive genes and either stimulates
or represses transcription. Transcriptional activation by Smads
occurs with the aid of nuclear coactivators such as CBP and
p300 [12], while transcriptional repression is eﬀected by inter-
action with nuclear corepressors such as SnoN and c-Ski
[13]. Thus, depending, in part, on the particular cellular com-
plement of nuclear coactivators and corepressors, the tran-
scriptional outcome of TGFb signaling will vary. R-Smads
bind to DNA, albeit poorly, via their conserved MH1 do-
mains. High aﬃnity binding of Smads to DNA requires addi-
tional cofactors. For example, the proteins OAZ and FAST2
are required for Smad-dependent developmental processes by
forming transcriptional complexes with Smads in the tran-
scription of Xvent-2 and goosecoid, respectively [14,15].
Wnt was initially described in mice as the proto-oncogene
int-1 [16] and later determined to be identical to Drosophila
wingless [17] (Wnt is a contraction of wingless and int-1).
The vertebrate Wnt gene family (currently 19 genes) encodesblished by Elsevier B.V. All rights reserved.
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receptors encoded by the Frizzled genes [18]. Wnts function
as morphogens regulating early developmental processes such
as axis speciﬁcation, neural patterning, and organ development
[19–22]. In addition, roles for Wnt in proliferation and apop-
tosis have been demonstrated experimentally in a number of
cell types [23].
The central protein in the canonical Wnt signaling pathway
is b-catenin, identiﬁed by its interaction with cadherins and its
role in cell adhesion [24,25]. In the absence of Wnt, intracellu-
lar levels of free b-catenin are kept low through phosphoryla-
tion by glycogen synthase kinase 3b (GSK3b, [26,27]).
Phosphorylation of b-catenin by GSK-3b is facilitated by
two negative regulators: axin (conductin) and the tumor sup-
pressor protein, adenomatous polyposis coli (APC) [28,29].
b-catenin, axin, APC, and GSK3b constitute a ‘‘destruction
complex’’ [30]. Phospho-b-catenin binds to the beta transducin
repeat-containing protein (bTrCP) component of this E3 ubiq-
uitin ligase complex, which ubiquitinates b-catenin, marking it
for elimination by the proteasome [31]. Wnt signaling antago-
nizes b-catenin phosphorylation and subsequent proteolysis by
activating Dishevelled (Dvl) which disrupts formation of this
destruction complex [32]. The mechanism of Wnt-Frizzled
activation of Dvl involves its hyperphosphorylation and mem-
brane translocation [33,34]. Inhibition of b-catenin phosphor-
ylation leads to intracellular accumulation of the protein and
concomitant translocation to the nucleus where it forms a
complex with transcription factors of the T-cell factor/lym-
phoid enhancer factor (TCF/LEF) family that then binds to
speciﬁc DNA sequences to activate gene transcription. Wnt
also regulates planar cell polarity and convergent extension
movements through a non-canonical pathway involving acti-
vation of Jun N-terminal kinase (JNK [35,36]).
Wnts and TGFb superfamily members interact to regulate
the transcription of a number of genes. For example, the TGFb
superfamily member, Activin, and Wnt cooperate to stimulate
expression of Siamois in Xenopus [37]. Transcription of Xtwn,
also in Xenopus, requires a transcription complex that includes
the TGFb-regulated Smad 2 and Smad 3, Smad 4, and TCF/
LEF [38]. Wnt and decapentaplegic signals are both required
for expression of the Drosophila genes Vestigial andUltrabitho-
rax and Wnt and TGFb cooperate in formation of Spemanns
organizer in Xenopus [39]. Antagonism between these two sig-
naling pathways can occur through activation of TAK1 by
TGFb, which inhibits canonical Wnt signaling in transfected
HEK293 cells [40]. Finally, Axin, has been shown to enhance
TbRI-dependent Smad phosphorylation [41].
In the experiments presented herein, functional cross-talk
between the TGFb and Wnt signaling pathways in embryonic
maxillary mesenchymal cells is demonstrated. Using transcrip-
tion reporter assays combined with previous observations that
Smads and Dvl physically interact [42], these data demonstrate
several levels of cross-talk between TGFb and Wnt in cells de-
rived from developing orofacial tissue.2. Materials and methods
2.1. Animals and primary cell cultures
ICR mice were obtained from Harlan (Indianapolis, IN), and
housed at a temperature of 22 C with an alternating 12 h light/dark
cycle and given access to food and water ad libitum. Mature maleand female mice were mated overnight and the presence of a vaginal
plug the following morning was taken as evidence of mating and des-
ignated gestation day 0. Pregnant mice were euthanized on day 13 of
gestation, a critical stage of murine orofacial development, embryos re-
moved, embryonic maxillofacial tissue microdissected and placed in
sterile, cold phosphate-buﬀered saline followed by gentle trypsiniza-
tion, and plated at a density of 6 · 103 cells/cm2. Experiments utilizing
primary cultures were initiated within 2 days of plating at which time
the cells were approximately 50% conﬂuent. These primary cultures are
subsequently designated as murine embryonic maxillary mesenchyme
(MEMM) cells.
2.2. Transfections and luciferase reporter assays
For reporter assays, MEMM cells were seeded into 6-well tissue cul-
ture plates at a density of 7 · 104 cells/well and maintained in Opti-
MEM (GIBCO Invitrogen Corp., Gaithersburg, MD) supplemented
with 5% heat-inactivated fetal bovine serum (Sigma, St. Louis, MO)
at 37 C in 5% CO2/95% air. The following day, when plasmid trans-
fections were performed, the cultures were 50–60% conﬂuent. Cell cul-
tures were transfected with plasmid DNAs (as below) using Eﬀectene
transfection reagent (Qiagen, Inc., Valencia, CA) according to the
manufacturers recommendations with the following ratios of reagents:
Enhancer:DNA (8:1) and Eﬀectene:DNA (15:1). For Wnt signaling re-
porter assays, the following amounts of plasmids were used, per well of
a 6-well plate: 1 lg TOPﬂash or FOPﬂash (Upstate USA, Inc., Chi-
cago, IL), 0.05 lg pRL-CMV (Promega, Madison, WI), 0.25 lg
pCMV-Smad 3, or the dominant-negative mutants, pCMV-Smad 2
3S/A and pCMV-Smad 3 3S/A. The dominant-negative mutants of
Smads 2 and 3 were created by replacing the C-terminal serine residues
with alanine which prevents receptor-mediated phosphorylation [43].
The control plasmid pRL-CMV was co-transfected to normalize for
transfection eﬃciencies within individual experiments. Sixteen hours
post-transfection, cells were washed with fresh culture medium and
stimulated with TGFb1 (2 ng/ml, R&D Systems Inc., Minneapolis,
MN) for 24 h. Cells were harvested, lysates prepared, and luciferase
activity determined with the Dual Luciferase Reporter Assay System
(Promega) according to the method detailed by the manufacturer. Re-
porter luciferase activity (Fireﬂy) was expressed relative to control
luciferase activity (Renilla) for each sample. Each condition was as-
sayed in triplicate and the experiment was performed twice with com-
parable results.
2.3. Cell proliferation assay
MEMM cells were seeded into 24-well plates at a density of 3500
cells/cm2 and allowed to proliferate for 1–2 days in complete medium
(Opti-MEM containing 5% FBS), at which time they were provided re-
duced serum media (Opti-MEM containing 0.25% FBS) and main-
tained for 48 h to achieve cell synchrony. Cell cultures were treated
with control- or Wnt-3a-conditioned medium (50%, diluted in Opti-
MEM containing 5% FBS), 2 ng/ml TGFb1, or 25 mM LiCl and
2 lCi/ml [3H]thymidine (20 Ci/mmol, Perkin–Elmer Life Sciences, Bos-
ton, MA). Treatment with TGFb1 and LiCl was performed in the pres-
ence of 50% control-conditioned media in order to normalize media
conditions so that a direct comparison of treatment eﬃcacy could be
made. At various time points, cultures were washed three times with
0.5 ml ice-cold PBS, twice for 10 min each with 0.5 ml ice-cold 10%
(w/v) trichloroacetic acid (TCA), rinsed again three times with 0.5 ml
ice-cold PBS and then solubilized for 30 min with 0.5 ml 1 N NaOH.
Fifty ll glacial acetic acid was added to neutralize each sample and
each was mixed with 10 ml Scintiverse scintillation cocktail (Fisher
Chemicals, Fairlawn, NJ) and incorporation of [3H]thymidine into
TCA-precipitable material was determined by liquid scintillation
spectroscopy.2.4. Preparation of Wnt-3a conditioned medium
Mouse L-cells stably transfected with the cDNA for Wnt-3a were
obtained from ATCC (Manassas, VA) and control, non-transfected
L-cells were from Dr. Roel Nusse (Stanford University, Stanford,
CA). Wnt-3a- and control-conditioned media were prepared according
to the method of Shibamoto and were stored for up to one year with-
out appreciable loss of activity [44]. Using this method, the concentra-
tion of soluble Wnt-3a in 100% conditioned media is approximately
400 ng/ml [44], however, there were batch-to-batch variations in
activity.
Fig. 1. Activation of the canonical Wnt signaling pathway in MEMM
cells. Primary cultures of MEMM cells were established and seeded
into 6-well plates at a density of 7.5 · 104 cells/well. Cells were allowed
to reach 50–60% conﬂuence and were transfected with 1 lg of the
TCF-reporter plasmid, TOPﬂash, or a mutated version, FOPﬂash,
which does not respond to Wnt signaling, and 50 ng pRL-CMV, which
served as a control to ascertain transfection eﬃciency. Twenty-four
hours post transfection, cells were treated with control- or Wnt-3a-
conditioned media (50%, diluted in 5% FBS/Opti-MEM) for an
additional 24 h. Cell lysates were prepared and assayed for Fireﬂy
luciferase (expressed from TOPﬂash or FOPﬂash) or Renilla luciferase
activity (from pRL-CMV). Data are expressed as the ratio of Fireﬂy
luciferase activity to that of Renilla luciferase. Each data point
represents the means ± standard deviation of triplicate determinations.
Wnt-3a conditioned medium stimulated transcription speciﬁcally from
TOPﬂash (P < 0.05, one-way ANOVA and Bonferronis test), with no
eﬀect on FOPﬂash.
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To create dominant-negative mutants of both Smad 2 and Smad 3,
PCR was utilized using wild-type Smad 2 and Smad 3 cDNA as a tem-
plate in order to change the three carboxyl terminal serine residues to
alanine (Smad 2, -SSMS to -AAMA; Smad 3, -SSVS to -AAVA). This
removed the phosphorylation site necessary for activation [43]. Both
mutants were cloned into pCMV-myc (BD Biosciences) resulting in
fusion of a c-myc epitope to the amino terminus.
2.6. Nuclear translocation of b-catenin
To determine cytosolic and nuclear levels of b-catenin in MEMM
cells, primary cultures were established in 10 cm tissue culture plates
(2 plates per treatment) and grown to 70% conﬂuence. Cultures were
serum-deprived for 16 h in DME/F12 (Sigma), and then stimulated
with control- or Wnt-3a-conditioned media in the presence or absence
of 2 ng/ml TGFb1 for 3 h. Cells were washed twice with ice-cold PBS
and scraped in 1 ml PBS. Cells were collected by centrifugation at
2000 · g for 2 min and cytosolic and nuclear protein fraction prepared
using the NE-PER nuclear and cytoplasmic extraction kit from Pierce
(Rockford, IL) according to the manufacturers instructions. Five-
10 lg were analyzed by SDS–PAGE and immunoblotting with anti-
active b-catenin antibody (clone 8E4; Upstate Cell Signaling Solutions,
Lake Placid, NY), which recognizes non-phosphorylated b-catenin.
Quantitative assessment of translocation was determined by densitom-
etry using NIH Image 1.63f.
2.7. Statistical analyses
Data from reporter and proliferation assays was analyzed using
one-way ANOVA followed by Bonferronis multiple comparison test.
P-values less than or equal to 0.05 were considered signiﬁcant.Fig. 2. TGFb and Wnt cooperate to stimulation transcription from a
reporter plasmid containing TCF binding sites. Primary cultures of
MEMM cells were transfected with TOPﬂash, FOPﬂash, or the p3TP-
lux reporter plasmids and pRL-CMV. Cultures were incubated for
24 h and then stimulated with 50% conditioned medium (control or
Wnt-3a) in the presence or absence of 2 ng/ml TGFb1 for 24 h.3. Results
3.1. Stimulation of a Wnt reporter construct in MEMM cells
In order to determine the ability of MEMM cells to respond
to signals through the canonical Wnt signaling pathway (i.e.
through b-catenin and TCF/LEF), primary cultures of
MEMM cells were transfected with the reporter construct,
TOPﬂash. This construct contains six copies of an optimized
TCF-consensus binding site upstream of Fireﬂy luciferase.
FOPﬂash, which contains mutations in each of the six TCF
consensus sites rendering it insensitive to Wnt signaling, was
transfected into MEMM cells as a negative control [45].
Twenty-four hours following transfection, cells were treated
for an additional 24 h with control- or Wnt-3a-conditioned
medium (50% concentration) and luciferase activity measured.
Wnt-3a was chosen because it has been shown to activate the
canonical Wnt pathway through stabilization of b-catenin
[44]. Additionally, Wnt-3a was found to be present in the
developing secondary palate (manuscript in preparation). As
shown in Fig. 1, Wnt-3a eﬀectively stimulated transcription
of luciferase from the TOPﬂash reporter construct, but not
from FOPﬂash, demonstrating that MEMM cells contain a
functional canonical Wnt signaling pathway.
Induced-expression of luciferase was measured as detailed in Section 2
and is reported as the means ± standard deviation of triplicate
determinations. Wnt-3a treatment resulted in an increase in transcrip-
tion from TOPﬂash, but not FOPﬂash or p3TP-lux. TGFb treatment
resulted in transcription only from p3TP-lux. Co-treatment of MEMM
cells with both Wnt-3a and TGFb led to a synergistic response from
TOPﬂash (P < 0.05, as compared to Wnt-3a alone, one-way ANOVA
and Bonferronis test) but not p3TP-lux.3.2. Cross-talk between the Wnt-3a and TGFb signaling
pathways in MEMM cells
In order to deﬁne a functional interaction between the Wnt-
3a and TGFb signaling pathways in MEMM cells, cultures
were transfected with TOPﬂash, FOPﬂash, or p3TP-lux, a
luciferase reporter plasmid highly responsive to Smad-medi-
ated TGFb signaling [46] and stimulated with 50% Wnt-3a
conditioned medium and/or 2 ng/ml TGFb. The results shown
in Fig. 2 demonstrate that Wnt-3a stimulation led to activation
of TOPﬂash but not FOPﬂash, which is consistent with the re-sults presented in Fig. 1. However, co-treatment with both
50% Wnt-3a conditioned medium and 2 ng/ml TGFb led to
an enhanced activation of TOPﬂash (P < 0.05 compared to
Fig. 4. Inhibition of TGFb signaling through overexpression of
dominant-negative mutants of Smads 2 and 3 blocks cooperation
between TGFb and Wnt-3a in MEMM cells. Primary cultures of
MEMM cells were transfected with TOPﬂash or FOPﬂash, pRL-
CMV, and either pCMV-myc (empty vector) or pCMV-myc vectors
that contained dominant-negative mutants of Smad 2 and Smad 3
(Dom.-neg.). Transfected cell cultures were treated with control- or
Wnt-3a-conditioned medium in the presence or absence of 2 ng/ml
TGFb1, and luciferase activity measured and normalized to that from
pRL-CMV. The inset is a Western blot with anti-myc antibodies
demonstrating expression of both myc-Smad 2 3S/A and myc-Smad 3
3S/A. Inhibition of TGFb signaling with dominant-negative mutants
of Smads 2 and 3 not only led to an increased ability of Wnt-3a to
induce transcription from TOPﬂash, but also blocked the ability of
TGFb to enhance Wnt-3a-mediated transcription. Transfection with
dominant-negative mutants of Smad 2 and Smad 3 led to a general
increase in activity from FOPﬂash, but there was no speciﬁc activation
from Wnt-3a or TGFb stimulation.
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the TCF reporter plasmid, as no eﬀect of Wnt-3a on transcrip-
tion from p3TP-lux was detected either in the presence or ab-
sence of TGFb. TGFb alone had no aﬀect on luciferase
transcription from TOPﬂash or FOPﬂash, nor did Wnt-3a
alone have any aﬀect on transcription from p3TP-lux. To fur-
ther examine cross-talk between the TGFb and Wnt-3a signal-
ing pathways in MEMM cells, and to determine if this
interaction is Smad-dependent, Smad 3 was overexpressed in
MEMM cells also transfected with TOPﬂash. Cells were then
stimulated with Wnt-3a conditioned medium with or without
TGFb. Overexpression of Smad 3 led to a generalized increase
in basal TOPﬂash reporter activity (Fig. 3). However, the eﬀect
is not speciﬁc to TOPﬂash, as basal activities from FOPﬂash
are also elevated. Smad 3 overexpression led to an increase
in transcriptional activity from TOPﬂash in response to Wnt-
3a, from 1.5-fold to 1.9-fold, compared to control values
(Fig. 3). Furthermore, the transcriptional activation observed
with Wnt-3a and TGFb was enhanced in the presence of excess
Smad 3 (7-fold stimulation over basal, compared to 2-fold
when Smad was not overexpressed, P < 0.01 vs. Wnt-3a
alone), suggesting that Smads can mediate cross-talk between
TGFb and Wnt. Interestingly, overexpression of Smad 3 also
led to increases in transcription of TOPﬂash by TGFb, to a le-
vel actually greater than that stimulated by Wnt-3a alone.
Although Smad 3 led to increased basal activity from FOP-
ﬂash, no speciﬁc eﬀect of Wnt-3a conditioned media or TGFb
was observed on luciferase levels expressed from this plasmid.
To further examine the Smad dependence on the synergistic
activation of TOPﬂash by Wnt-3a and TGFb, dominant-neg-
ative mutants of both Smad 2 and Smad 3 were overexpressed
in TOPﬂash- or FOPﬂash-transfected MEMM cells and then
the cultures were stimulated with Wnt-3a conditioned media
in the presence or absence of TGFb (Fig. 4). These domi-Fig. 3. Overexpression of Smad 3 in MEMM cells leads to enhanced
Wnt-3a-TGFb-mediated transcription. Primary cultures of MEMM
cells were transfected with the TOPﬂash or FOPﬂash reporter
construct, pRL-CMV, and the expression vector pCMV-myc without
a cDNA insert (empty vector) or with full-length Smad 3 followed by
treatment with 50% conditioned medium (control or Wnt-3a) with or
without 2 ng/ml TGFb1 for 24 h. The inset is a Western blot with anti-
myc antibodies demonstrating expression of myc-Smad 3. Overex-
pression of Smad 3 led to a marked increase in both basal and
stimulated transcription of TOPﬂash and the cooperation between
TGF and Wnt-3a in stimulating transcription was enhanced. Although
overexpression of Smad 3 led to increased activity from FOPﬂash,
there was no eﬀect from treatment with Wnt-3a conditioned media
either in the presence or absence of TGFb.nant-negative mutants of Smad 2 and 3 contain mutations of
the carboxyl-terminal serine residues that prevent TGFb recep-
tor-mediated phosphorylation and eﬀectively block signaling
through the TGFb pathway [43]. Inhibition of TGFb signaling
by dominant-negative mutants of Smad 2 and Smad 3 blocked
the combined activation of TOPﬂash by Wnt-3a and TGFb
(Fig. 4). Similar to the results with overexpression of wild-type
Smad 3 (Fig. 3), overexpression of dominant-negative Smads 2
and 3 resulted in an enhanced ability of Wnt-3a to increase
transcription on TOPﬂash (from 1.6-fold to 3.5-fold). The
dominant-negative Smad 2 and Smad 3 mutants blocked the
low level of TGFb-mediated stimulation of TOPﬂash reporter
assay observed in this experiment. Although mediating a small
increase in basal activity, Smad 2 3S/A and Smad 3 3S/A had
no eﬀect on FOPﬂash reporter activity. These data suggest that
Smads may act as a cofactor in the Wnt signaling pathway and
that Smad phosphorylation may not be necessary for enhance-
ment of Wnt signaling, however it is required for TGFb-med-
iated eﬀects on TOPﬂash transcription.
3.3. Cross-talk between TGFb and Wnt downstream of
Frizzled and Dvl
To determine if the eﬀect of TGFb on Wnt-3a-transcrip-
tional activity requires signaling through the Frizzled receptors
and Dvl, MEMM cells were transfected with TOPﬂash or
FOPﬂash and stimulated with 25 mM LiCl in the presence or
absence of 2 ng/ml TGFb. Lithium ions directly inhibit
GSK-3b and stimulate the canonical pathway by increasing
b-catenin levels independent of receptor activation [47]. LiCl
was eﬀective in stimulating luciferase activity from TOPﬂash
(P < 0.001 vs. NaCl control) (Fig. 5), with a response higher
Fig. 5. Synergistic transcriptional activation of TOPﬂash by TGFb
and LiCl. Primary cultures of MEMM cells were transfected with
TOPﬂash or FOPﬂash, and pRL-CMV. Twenty-four hours post
transfection, cells were treated with either control- or Wnt-3a-
conditioned medium, 25 mM NaCl or 25 mM LiCl in the presence
or absence of 2 ng/ml TGFb1 for 24 h. Each data point represents the
means ± standard deviation of the luciferase activity from triplicate
transfections. LiCl eﬃciently stimulated transcription of TOPﬂash
(P < 0.001, compared to NaCl), and when combined with TGFb, lead
to a marked increase in luciferase transcription (P < 0.001, compared
to LiCl alone). For comparison, Wnt-3a ± TGFb was also tested and
was consistent with earlier observations (not shown). No eﬀect was
observed with FOPﬂash.
Table 1
Nuclear translocation of b-catenin in MEMM cells
Treatment Densitometric
units
Average fold-change
Exp. 1 Exp. 2
Control 163 419 –
TGFb 185 359 No-change
Wnt-3a 219 506 1.2 ± 0
Wnt-3a + TGFb 289 636 1.6 ± 0.1
Primary cultures of MEMM cells were serum-starved for 16 h and
stimulated with control- or Wnt-3a conditioned media ±2 ng/ml
TGFb1 for 3 h. Cells were harvested and total nuclear protein was
isolated as described in Section 2. Nuclear protein (5 lg) was analyzed
by SDS–PAGE and Western blotting with anti-b-catenin (active, non-
phosphorylated). The level of b-catenin present in the nucleus was
determined by densitometry with NIH image 1.63 and data are pre-
sented from two independent experiments. The data are also expressed
as the average fold-change ± range, relative to control values.
Fig. 6. TGFb and Wnt-3a cooperate to inhibit MEMM cell prolifer-
ation. Primary cultures of MEMM cells were seeded into 24-well plates
at a density of 7000 cells/well. One day after seeding, medium was
replaced with reduced-serum medium (0.25% FBS) and incubated for
an additional 48 h to synchronized the cells. Control- or Wnt-3a-
conditioned medium (50%, diluted in 5% FBS/Opti-MEM) containing
the TGFb1 vehicle (0.1% BSA, 4 mM HCl), 2 ng/ml TGFb1, 25 mM
NaCl, or 25 mM LiCl was then added to the cells. In addition, all
medium contained 2 lCi/ml [3H]thymidine (20 Ci/mmol). At the
indicated time following addition of TGFb or Wnt-3a, the cells were
harvested and the amount of TCA-insoluble [3H]thymidine was
determined and expressed as cpm ± standard deviation of four
samples. TGFb and Wnt-3a inhibited MEMM cell proliferation
(P < 0.001, compared to control at 24 and 48 h). The combination of
Wnt-3a and TGFb led to a small synergistic decrease in MEMM cell
proliferation (P < 0.05).
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shown). It is unclear why stimulation of MEMM cells with
Wnt-3a results in a lower response than with LiCl, however,
the receptor expression (Frizzled) and concentration of Wnt-
3a in the conditioned media may combine to result in lower
signals. Nevertheless, simultaneous treatment with LiCl and
TGFb, resulted in a greater level of luciferase activity than that
observed with LiCl alone (P < 0.001). These data demonstrate
that the cooperation between TGFb and Wnt-3a is likely med-
iated downstream of Frizzled and Dvl.
3.4. TGFb co-stimulation with Wnt-3a leads to increased
b-catenin nuclear translocation
One explanation for the positive eﬀect of TGFb on Wnt-3a-
mediated TOPﬂash reporter activity could be due to enhanced
nuclear translocation of b-catenin. When MEMM cells were
stimulated with Wnt-3a conditioned media, increased nuclear
levels of b-catenin were detected with an antibody speciﬁc
for non-phosphorylated (i.e. activated) b-catenin (Table 1).
Little eﬀect by TGFb alone on b-catenin levels was detected.
In the presence of 2 ng/ml TGFb, stimulation with Wnt-3a
conditioned media led to a small, but reproducible (1.5–1.8-
fold) increase in the level of activated b-catenin found in the
nucleus. As b-catenin is a transcriptional co-factor, these rela-
tively small changes in nuclear levels may lead to much larger
responses seen at the transcriptional level. Since Smads have
been shown to bind b-catenin [48], it is possible that a Smad-
b:catenin complex formed by stimulation with both TGFb
and Wnt-3a leads to the increase in nuclear b-catenin observed
in this experiment.
3.5. Cross-talk between TGFb and Wnt-3a in regulation of
MEMM cell proliferation
TGFb and Wnt are both able to alter cell proliferation [49–
51]. TGFb negatively regulates the proliferation of MEMM
cells [52]. To examine the eﬀect of Wnt-3a on MEMM cell pro-
liferation, cells were synchronized by serum deprivation andthe eﬀect of various treatments on cell proliferation was ascer-
tained by measuring [3H]thymidine incorporation into DNA.
As has been previously demonstrated, TGFb exerts an anti-
proliferative eﬀect on MEMM cells [52] (Fig. 6). Treatment
with Wnt-3a conditioned medium inhibited MEMM cell pro-
liferation to a similar extent as that seen in response to 2 ng/
ml TGFb. Co-treatment of MEMM cells with both Wnt-3a
conditioned medium and TGFb resulted in a further reduction
in the rate of proliferation of MEMM cells (P < 0.05 com-
pared to Wnt-3a or TGFb alone; Mann–Whitney test). To
determine if the eﬀect observed with Wnt-3a is mediated
through the canonical pathway, the eﬀect of 25 mM LiCl on
cell proliferation was examined (Fig. 6). Although 25 mM LiCl
inhibited cell proliferation, it was not as eﬀective as Wnt-3a
conditioned medium in inhibiting MEMM cell proliferation.
Whether this indicates that Wnt-3a utilizes alternate pathways,
3544 D.R. Warner et al. / FEBS Letters 579 (2005) 3539–3546in addition to the canonical pathway to inhibit cell prolifera-
tion, or that LiCl is not as eﬃcacious as Wnt-3a is unclear.
LiCl may also have other cellular eﬀects, such as increasing
inositol lipids, which may inﬂuence its eﬃcacy in this assay
[53]. These data do suggest, however, that Wnt-3a can inhibit
proliferation of MEMM cells, in part, through control of
b-catenin levels. The cooperation between TGFb and Wnt-3a
in regulating MEMM cell proliferation may not extend to
other cellular phenomena as no cooperation was observed in
TGFb-induced up-regulation of gelatinase B (data not shown).
This latter observation is consistent with reporter assays dem-
onstrating no eﬀect of Wnt-3a conditioned medium on tran-
scription from the TGFb-responsive reporter, p3TP-Lux
(Fig. 2).4. Discussion
TGFb and Wnt activate two well-characterized signaling
pathways that function during embryonic development and
in adult tissue homeostasis. The TGFbs and Wnts bind to cell
surface receptors that elicit nuclear translocation of a tran-
scription factor that associates with additional nuclear proteins
to promote speciﬁc changes in gene expression. Cell-speciﬁc
interpretation of extracellular signals depends, in part, on inte-
gration between distinct signaling pathways. Signaling path-
way crosstalk is now recognized as a critical mechanism by
which inputs from multiple pathways can cooperate in gene
transcription, or the means by which one signaling pathway
can silence a competing or antagonistic pathway. Multiple lev-
els of cooperation between the TGFb and Wnt signaling path-
ways in regulating gene expression have been documented. For
example, Wnt and TGFb cooperate to induce the expression of
Vestigial and Ultrabithorax [54,55]. Labbe´ et al. [56] demon-
strated that Smads 2, 3, and 4 bind to LEF1, to synergistically
activate the Xtwn promoter in Xenopus. Previously, it was
demonstrated that Smad 3 binds to Dvl-1 in a region encom-
passing most of the PDZ domain and the entire DEP domain
[42].
The data presented in this report is the ﬁrst demonstration
that MEMM cells respond to Wnt by increasing transcription
through the canonical pathway. Activation of the cell polarity
pathway (through activation of JNK) was also tested using
JNK activation-speciﬁc antibodies, however, no activation of
JNK was observed in response to Wnt-3a or Wnt-5a (data
not shown). Due to the diﬃculties in obtaining functional
Wnts, others were not tested for their ability to stimulate the
canonical and cell polarity pathways in MEMM cells.
TGFb alone activated TOPﬂash in some experiments (e.g.
Figs. 3 and 4), which is consistent with previous reports dem-
onstrating that TGFb is capable of activating this reporter
construct in other cell types [57]. This eﬀect was dependent
upon Smads and activation of the TGFb pathway. However,
overexpression of Smad alone (either wild-type or dominant-
negative mutants), even in the absence of TGFb was suﬃcient
to render MEMM cells more responsive to Wnt. These data
suggest that Smads have the ability to serve as a cofactor in
the Wnt signaling pathway but may not require activation of
the TGFb pathway. The inability of Wnt-3a to elicit a tran-
scriptional response from p3TP-lux suggests that Wnt-3a can-
not stimulate transcription from a promoter consisting of only
a Smad binding element. This is consistent with the observa-tion that Wnt had no eﬀect on the expression of gelatinase
B, a TGFb-responsive gene, in MEMM cells, either in the pres-
ence or absence of TGFb (data not shown).
The observed cooperation between TGFb and Wnt in
MEMM cells on transcription of TOPﬂash is not consistent
with an earlier report examining the functional interaction be-
tween these two pathways. Labbe´ et al. demonstrated that
TGFb and Wnt-3a cooperate in the regulation of the Xenopus
homeobox gene Xtwn, but demonstrated that binding sites for
both Smads and TCF are required, not only in the natural pro-
moter, but also in artiﬁcial plasmid constructs (e.g. TOPﬂash,
[56]). However, in this case the Wnt signaling pathway was
stimulated by overexpression of LEF1 in a cell line containing
activating mutations of b-catenin (HepG2) and may not reﬂect
endogenous activation by the natural ligand, Wnt.
A recent report demonstrated that treatment of mesenchy-
mal progenitor cells with TGFb resulted in transcriptional
activation of TOPﬂash and nuclear translocation of b-catenin
in the absence of exogenous Wnt signaling [57]. These data
suggest that responses to TGFb, Wnt, and combined
TGFb-Wnt treatment may be tissue-speciﬁc since no consis-
tent eﬀect of TGFb on TOPﬂash was found in MEMM or
Mv1Lu cells.
Since nuclear translocation of b-catenin leads to activation
of transcription, any changes in either its degradation or nucle-
ar import would lead to alterations in transcription. Co-treat-
ment of MEMM cells with TGFb and Wnt-3a conditioned
media led to increased levels of b-catenin found in the nucleus,
and may provide one mechanism for the greater level of Wnt-
3a-mediated TOPﬂash reporter activity conferred by TGFb.
Although the increases seen when TGFb was included with
Wnt-3a were small, relatively minor changes in levels of tran-
scription factors could potentially lead to larger transcriptional
changes. Whether Smads and b-catenin form a complex that is
more eﬃciently imported into the nucleus, or whether Smads
and b-catenin independently move into the nucleus and form
a more eﬀective transcriptional complex awaits further investi-
gation. As the ultimate cellular eﬀect and mechanisms of sig-
naling by both TGFb and Wnt-3a are complex, other
mechanisms mediating cross-talk between these two pathways
may be operational and thus the simple increase in nuclear
b-catenin levels may be insuﬃcient to explain this phenome-
non. The increase in b-catenin, however, may explain in part
the increase in TOPﬂash reporter activity seen when MEMM
cells are treated with both TGFb and Wnt-3a.
The data presented in the current report supports a model
whereby Smad is a common cofactor for both the TGFb and
Wnt signaling pathways. It is possible that the observed inter-
action between TGFb and Wnt is mediated by CREB binding
protein (CBP), since CBP, through its interaction with Smads
[12], TCF [58], and b-catenin [59] is a common transcriptional
co-activator for both TGFb and Wnt. Although the role(s) of
Wnts in orofacial development remain largely unknown, the
above data suggest that Wnts, in particular those stimulating
the canonical pathway, are important mediators of cell prolif-
eration since Wnt-3a exerted a strong antiproliferative re-
sponse on MEMM cells. This may be particularly signiﬁcant
for development of the secondary palate, a primary research
focus in this laboratory, since alterations in mesenchyme cell
proliferation may lead to clefts of the secondary palate
[60,61]. In addition, synergistic cross-talk between Wnt-3a
and TGFb on promoters containing TCF binding sites may al-
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puts from both Wnt and TGFb) or TGFb may modulate the
strength of the Wnt-b-catenin/TCF signal. Although the bio-
logical eﬀects of Wnt and TGFb, and cross-talk between the
two, has been deﬁned in a cell culture system, the ultimate goal
is to understand their roles in embryogenesis. Thus, data from
the experiments presented in the present report using cultured
embryonic mesenchyme cells can be used to design experimen-
tal approaches to elucidate signaling mechanisms in craniofa-
cial development in vivo.
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